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Production of dark photons inside the Sun forms the basis for the most sensitive probes of such
particles over a wide mass range. A small fraction of dark photons is emitted into gravitationally
bound orbits, building up a “Solar basin” population that survives for astrophysically long times.
We show that this population could lead to signals in existing and proposed dark matter detection
experiments, opening up significant new parameter space independent of whether dark photons make
up the dark matter. Even with conservative assumptions, results from current dark matter experi-
ments already constrain new parameter space; with fiducial assumptions, a Solar basin population
of dark photons could be responsible for excess events seen in XENON1T. Future low-threshold
experiments could be sensitive to these Solar-System-bound dark photons down to sub-eV masses,
at couplings orders of magnitude below current constraints.
INTRODUCTION
The large temperatures, densities, and volumes of stars
make them efficient emitters of weakly-coupled new par-
ticles, prevalent in theories beyond the Standard Model
(SM). For sufficiently small couplings, the vast major-
ity of such particles will free-stream out to infinity, as
stellar neutrinos do. This flux removes energy from the
star, affecting its structure and evolution. Such effects—
especially in hotter, denser stellar cores, such as those
of horizontal branch (HB) stars, red giants (RGs), and
white dwarfs—are leading probes of many kinds of new
particle candidates [1–7].
In addition to this unbound flux, a small proportion of
the new particles will be produced at sub-escape veloci-
ties, and will thus enter bound orbits. This was pointed
out by Ref. [8], in the context of Kaluza-Klein emis-
sion from supernovae. For long-lived stars, this “stel-
lar basin” population can build up over the lifetime of
the star, potentially compensating for its small produc-
tion rate. The decays of these particles could affect
the stellar atmosphere or lead to signatures in Earth-
based experiments [9–11]. Alternatively, bound particles
in Earth-crossing orbits could be absorbed in laboratory
experiments originally designed to detect dark matter
(DM) [12].
For many new candidate particles, the unbound flux
from denser stars imposes stronger coupling constraints
than the unbound flux from the Sun. Compatibility with
these stellar cooling constraints restricts the parameter
space in which the Solar basin density could be detected,
even when it is larger than the unbound density. With
optimistic assumptions about the survival time of bound
orbits, current and near-future experiments are just be-
ginning to probe new parameter space of axions with cou-
plings to electrons and masses within an order of magni-
tude around the Solar core temperature, as discussed in
Ref. [12]. Observability prospects are likely less favorable
for other axion-like couplings and for scalar couplings.
New vector particles can exhibit quite a different be-
havior. The simplest example is a massive “dark pho-
ton” that couples directly to the usual electromagnetic
current, albeit with a smaller coupling. At dark photon
masses below the plasma frequency in stellar cores, in-
medium mixing with SM plasma oscillations can suppress
the production rate of dark photons [2, 3, 7]. Production
in the Sun can thus provide stronger constraints than
production in denser stars, where plasma frequencies are
higher. Moreover, since these constraints become weaker
at smaller dark photon masses due to a well-known de-
coupling effect [2], they leave more room for small-scale,
low-threshold experiments to have promising discovery
potential, both to a dark matter abundance, and to the
Solar flux.
The medium dependence of production rates can also
enhance the relative importance of bound versus un-
bound emission from the Sun itself. For a light dark
photon, the outer layers of the Sun can be responsible
for the bulk of the dark photon luminosity, because the
plasma frequency is lower there. This results in a emis-
sion spectrum that is much softer than that of axions or
scalars, whose emission is dominated by the stellar core.
As we will describe in this work, the softer spectrum is
responsible for an increased bound-orbit emission frac-
tion.
In this paper, we will show how the combination of
these effects means that the “Solar basin” population
of dark photons can open up significant new parameter
space for existing and proposed dark matter detection
experiments. We stress that the signals described here
do not rely on the dark photon comprising some or all of
the dark matter. New limits and future prospects in the
dark-photon parameter space are depicted in Fig. 4. Our
main points are:
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2• Even with conservative assumptions about bound-
orbit survival, the search of Ref. [13] constrains new
parameter space.
• With more optimistic assumptions about gravita-
tion ejection lifetimes motivated by simulations and
secular perturbation theory arguments, the Solar
basin population could account for the few-keV
excess seen in Ref. [14]. If these long ejection
times are confirmed by simulations, the searches
of Refs. [13, 14] would set the most stringent DM-
independent limit on dark-photon kinetic mixing
over much of the mass region 12 eV . m . 5.4 keV.
• Future low-threshold DM detection experiments
will be sensitive to couplings orders of magnitude
smaller than those currently constrained, and down
to sub-electronvolt masses.
In addition to dark photons strictly defined, our results
apply to other light vectors which couple to electrons,
such as vectors coupled to baryon-minus-lepton number
(B − L). For vectors coupled to non-conserved currents,
higher-energy processes may place strong constraints on
their coupling [15–17].
DARK PHOTON PRODUCTION
A dark photon A′ of mass m that interacts with the
SM via a kinetic mixing , has the Lagrangian:
L ⊃ −1
4
FµνF
µν − 1
4
F ′µνF
′µν +

2
FµνF
′µν
+
m2
2
A′µA
′µ +AµJ
µ
EM. (1)
We use +−−− metric signature and natural units with
c = ~ = kB = 1 unless otherwise stated. Under a field
redefinition, this Lagrangian is equivalent to a massive
vector that couples to the electromagnetic (EM) current
density L ⊃ A′µJµEM.
In a thermal medium, the propagation eigenstates are
no longer simply the massless SM photon A and the dark
photon A′. However, when  is small, they are only small
perturbations of the massive dark photon and the usual
SM plasma oscillations. The self-energy (in the sense of
thermal field theory [18]) for the weakly-coupled, dark-
photon-like mode in a uniform medium is [3, 7]
Π′ = 2Π +
(Π)2
m2 −Π +O(
4) =
2m2Π
m2 −Π +O(
4), (2)
where we assume that the mode is close to on-shell (ω2−
k2 ' m2), and Π is the self-energy of the SM photon.
Since the medium is assumed to be uniform, we have
suppressed the polarization indices.
In (A,A′) field space, the weakly-coupled propagation
eigenstate is ( Πm2−Π , 1) + O(2). If the properties of the
Solar medium change slowly compared to the wavelength
of the mode, then a propagating mode will adiabatically
track the local propagation eigenstate, until in free space
it is simply the massive A′ mode. A weakly-coupled mode
emitted in the interior of a star will propagate outwards
and thus escape as a massive dark photon, if it has suf-
ficient kinetic energy to do so.
The in-medium production and absorption rates for
the weakly-coupled mode are set by the imaginary part
of the self-energy: Π′i ≡ Im{Π′}. Specifically, the rate
of change of the phase space density f = (2pi)3 dNd3k d3R of
particles (in each polarization state) is
f˙ = Γ′prod(1 + f)− Γ′absf =
−Π′i
ω
(
1
eω/T − 1 − f
)
. (3)
Using the transverse polarization vectors, we find that
Γ
(T)
A′,prod =
2m4
eω/T − 1
Γ
(T)
A(
m2 − ω2p
)2
+
(
ωΓ
(T)
A
)2 (4)
where Γ
(T)
A = −Π(T)i /ω is the in-medium transverse pho-
ton width (evaluated on the mass shell (ω,k) of the dark
photon). The “plasma frequency” (squared) is the real
part of the self-energy ω2p = Re{Π(T)}. The general ex-
pression for the longitudinal polarization is more compli-
cated, but in a uniform, non-relativistic medium, can be
simplified to
Γ
(L)
A′,prod '
2m2ω2
eω/T − 1
Γ
(L)
A(
ω2 − ω2p
)2
+
(
ωΓ
(L)
A
)2 (5)
where Γ
(L)
A is the physical width of longitudinal plasma
excitations, with Γ
(L)
A ' Γ(T)A ≡ ΓA.
In a non-relativistic electron-ion plasma, such as the
interior of the Sun, the plasma frequency is dominated
by the electron density, yielding ω2p ' e2ne/me. The
main contributions to the plasma oscillation width ΓA are
electron-ion bremsstrahlung and Thomson scattering [3,
19]:
ΓA ' 16pi
2α3
3m2eω
3
√
2pime
3T
(1− e−ω/T )ne
∑
i
niZ
2
i g¯i(ω, T )
+
8piα2ne
3m2e
√
1− ω
2
p
ω2
(6)
The Thomson scattering expression in the second line is
valid for ω ≥ ωp, since ωp is the minimum energy that
an in-medium photon can have. In the bremsstrahlung
expression on the first line, the sum is over the different
ion species, with number densities ni and charges Zi. For
each of these, g¯i(ω, T ) is the thermally-averaged Gaunt
factor [19]. In the Born approximation,
g¯ =
√
3
pi
eω/(2T )K0(ω/(2T )), (7)
valid for ω  T (though g¯ is order unit throughout),
matching the expression from Ref. [3].
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FIG. 1. Specific energy loss function Q˜ of Eq. 10 for dark
photon emission into bound orbits as a function of radius R′
within the Sun, for four dark photon masses and a benchmark
kinetic mixing  = 10−15. For dark photon masses m above
the plasma frequency max{ωp} ≈ 290 eV in the Solar core,
plasma effects are insignificant. For lower masses, there is a
radius within the Sun at which ωp(R
′) = m and emission is
resonantly enhanced.
SOLAR PRODUCTION RATES
The energy loss rate per unit volume to weakly-coupled
modes is:
Q =
dE
dV dt
=
∫
d3k
(2pi)3
ω
(
Γ
(L)
A′,prod + 2Γ
(T)
A′,prod
)
. (8)
To calculate the total energy flux, we can simply inte-
grate this expression over the Solar volume. Demanding
that the energy flux is less than 10% of the solar lumi-
nosity L, i.e.
∫
d3R′Q . 0.1L, yields a Solar cooling
constraint on  [2, 3].
For non-relativistic production—relevant for emis-
sion into bound orbits—the transverse and longitudi-
nal production rates are approximately equal ΓA′,prod ≡
Γ
(T)
A′,prod ' Γ(L)A′,prod, and take the form:
ΓA′,prod ' 
2m4
em/T − 1
ΓA
(m2 − ω2p)2 +m2Γ2A
. (9)
Following Ref. [12], it is convenient to parametrize the
phase space in terms of the kinetic energy per unit mass:
ω˜k ' k2/(2m2). Since d3k(2pi)3 ' m
3
2pi2
√
2ω˜kdω˜k, we have
dQ
dω˜k
' Q˜√ω˜k, where
Q˜ =
32m8√
2pi2
1
em/T − 1
ΓA
(m2 − ω2p)2 +m2Γ2A
. (10)
We can use this expression to compute the emission rate
into any part of bound-orbit phase space. A particle
must have ω˜k ' |Φ| at its emission site to reach a radius
R = 1 AU, since the gravitational potential Φ inside the
Sun is much deeper than at 1 AU. The rate of change of
the bound state density at radius R  R is approxi-
mately [12]:
ρ˙b(R) ' 3
16pi
GM
R4
∫
d3R′ Q˜(R′)
√
|Φ(R′)|, (11)
where R ≈ 1 AU for Earth’s radius, G is Newton’s gravi-
tational constant, M is the mass of the Sun. The basin
at Earth’s location is initially composed of an ensemble of
particles on very eccentric orbits, since they are injected
on Sun-crossing orbits.
The behaviour of the integrand in Eq. 11 depends on
the dark photon mass m. At masses above the maximum
plasma frequency in the Sun,
Q˜ ' 3
2m4√
2pi2
1
em/T − 1ΓA, (m ωp) (12)
and the production rate is dominated by the Solar core,
where ΓA is largest. Conversely, if there is some radius
R′res inside the Sun where resonance occurs ωp(R
′
res) =
m, then:
Q˜ ' 3
2m4√
2pi2
1
em/T
res
 − 1
m2
ΓA
, (|m− ωp| . ΓA) (13)
at this resonance radius, where the Solar temperature is
T res . If ΓA is significantly smaller than ωp so that the
resonance is narrow, then the integral over radii in Eq. 11
is dominated by this narrow range, giving:
ρ˙b(R) ' 9
8
√
2pi
GM
R4
2m6
R′2res
√|Φ(R′res)|
em/T
res
 − 1
∣∣∣∣∂ωp∂R′
∣∣∣∣−1
R′res
.
(14)
This expression is independent of ΓA, and not suppressed
by the fine structure constant α. This is analogous to
resonant unbound emission, as calculated in Refs. [2, 3].
Figure 1 illustrates these behaviors, showing the bound
energy emission function of Eq. 10 as a function of ra-
dius for different dark photon masses. The maximum
plasma frequency ωp ' 290 eV is attained in the Solar
core; for dark photon masses exceeding this value, emis-
sion from the core dominates. For smaller masses, there
is a resonant feature at the appropriate radius. The in-
tegrated bound emission is generally dominated by the
resonance expression of Eq. 14, though over the mass
range 0.1 eV . m . 3 eV the resonance is fractionally
less narrow (visible in the red curve of Fig. 1), and the
full expressions of Eqs. 10 and 11 should be used.
We obtain the basin energy density injection rate
ρ˙b(R) plotted in Fig. 3 by integrating over the Solar vol-
ume with the Solar model of Ref. [20]. The blue curves
represent the time-integrated density ρb = ρ˙bτ for three
different values of τ and a fixed value of  = 10−16.
Since unbound emission (thin blue dotted line) is also
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FIG. 2. Saturated occupation number fsat as a function of
dark photon mass m, plotted in thick red. For low masses
m . 0.3 keV, dark photon production occurs predominantly
in a thin shell where the resonance condition ωpl(R
′
res) = m
is satisfied, and detailed balance is achieved at the Bose-
Einstein occupation number for the temperature of this shell:
T res = T (R
′
res) (dashed gold curve). For 0.1 eV . m . 3 eV,
the resonance is (fractionally) least narrow and occurs in
an outer Solar layer, so the hotter, denser layers interior to
the resonant shell also contribute significantly, raising the ef-
fective temperature above T res . The occupation number of
bound dark photon modes remains below that of equivalent-
energy photons in the Solar core (at temperature T core , gray
dashed curve), because the cooler outer layers of the Sun also
contribute to emission and absorption.
suppressed at smaller m, the energy density of the So-
lar basin can compete with that of the unbound emission
down to small masses. This is in contrast to the expected
behavior for many other particles, such as axions coupled
to electrons, for which the bound-to-unbound energy den-
sity ratio rapidly decouples as ∝ m4 at low masses [12].
DARK PHOTON BASIN EVOLUTION
In the previous section, we calculated the rate at which
dark photons are produced inside the Sun and emitted
into bound orbits. However, particles will not remain on
such orbits forever; they may decay, be reabsorbed by
the Sun, or be gravitationally perturbed onto a different
orbit, potentially even an unbound orbit.
Decays
The dominant radiative decay channel of a dark photon
with mass m < 2me is to three SM photons (A
′ → 3A),
which in free space occurs at a rate [21]:
τ−1rad '
172α4
11664000pi3
m9
m8e
∼ 10−40 y−1
( 
10−14
)2 ( m
keV
)9
.
(15)
(Decays to two photons are forbidden by the Landau-
Yang theorem.) This estimate indicates that the decay
rate for dark photons with m  me is negligibly small
over the age of the Solar System. This radiative channel
is also far too inefficient to lead to an observable photon
flux in e.g. X-ray observatories.
In contrast, spin-0 particles such as axions can typ-
ically decay to two photons (a → 2A) through a
dimension-5 operator such as L ⊃ −14gaγγaFµν F˜µν , lead-
ing to a radiative decay rate τ−1rad ' g2aγγm3a/64pi ≈
2× 10−9 y−1 (for the largest allowed value of the axion-
photon coupling gaγγ = 10
−10 GeV−1 and ma = 1 keV)
that can be significant over the age of the Solar System.
These axion decays could be an interesting signature for
indirect detection of a Solar axion basin [9, 12]. The
three-photon decay of the dark photon occurs through
a dimension-8 operator, and is automatically very slow
over the parameter space of interest.
Absorption
Reabsorption by the Sun can be an important effect.
From Eq. 3, the rate of change of phase space density, at
a point inside the Sun, is set by
f˙ ' Γ′prod
[
1 +
(
1− em/T
)
f
]
(16)
When production and reabsorption are dominated by the
thin shell for which the ωp ' m resonance is achieved,
the occupation number f for which there is no net change
is fsat ' 1/(em/T res − 1), i.e. simply the bosonic thermal
occupation number for the temperature at the resonance
radius, T res .
In the simplest case, where particles always remain
on the orbits into which they were emitted, the maxi-
mum bound state density at Earth would be given by
ρsat,ib =
1
(2pi)3m
4fsat
∫
V˜i
d3v, where V˜i represents the ve-
locity phase space volume of the initially occupied orbits.
For an Earth-crossing particle to have its perihelion closer
than some radius R′ inside the Sun, its eccentricity must
be very nearly unity, and its angular momentum must
be smaller than R′
√
2|Φ(R′)|. As a result, for emission
from a shell of radius R′, we have
ρsat,ib, ' m4fsat
1
2pi2
R′2
R2
|Φ(R′)|vesc(R) (17)
where R = 1 AU, and vesc(R) ≈ 1.4× 10−4 is the escape
velocity at radius R = 1 AU.
5However, as we will discuss in the next subsection,
Earth and other planets will gravitationally perturb the
orbits of the emitted particles. On timescales short com-
pared to the lifetime of the Solar system, initially-Sun-
crossing dark photon orbits are perturbed to become non-
Sun-crossing. Over time, the accessible velocity phase
space volume will therefore grow larger than V˜i, and so
will the corresponding saturation density at Earth. By
Liouville’s theorem, the phase space density is every-
where bounded by fsat, so the maximum value for the
bound state density at Earth is:
ρsatb, =
1
(2pi)3
m4fsat
∫
v<vesc
d3v = m4fsat
v3esc(R)
6pi2
. (18)
This is 2GMR3R′2|Φ(R′)| times larger than the “unmixed” initial
saturation density from Eq. 17. If we take R′ to be the
mean emission radius (typically close to the radius at
which resonance is achieved), this ratio is a factor of a
few hundred throughout most of the Sun’s volume.
Most of the above discussion assumed that only the
parts of the Sun at T res (m) contribute significantly to
emission and reabsorption. More generally, to have an
equilibrium, we need∫
d3R′
∫
dE˜
dQ
dE˜
[
1 +
(
1− em/T
)
f¯(R′, E˜)
]
= 0. (19)
where f¯(R′, E˜) is the direction-averaged phase space den-
sity at R′, as a function of E˜ ≡ ω˜k + Φ, the total en-
ergy per unit mass (negative for bound orbits). Gravita-
tional perturbations are generally rather slow to change
E˜ [12]—in particular, orbits that become Earth-crossing
almost always start out with |E˜|  |Φ(R′)|. We can
therefore use dQ
dE˜
' Q˜(R′)√|Φ(R′)| in Eq. 19, making it
independent of E˜:∫
d3R′ Q˜(R′)
√
|Φ(R′)|
[
1 +
(
1− em/T
)
f¯(R′)
]
' 0.
(20)
The simplest solution to this equation is f¯(R′) =
(em/T (R
′) − 1)−1, which corresponds to local thermal
equilibrium at all radii. This is the physical solution
when the dark photon’s coupling is large enough that
its optical depth is small compared to the Solar radius.
However, for the unconstrained parameter space we are
interested in, the optical depth is always large. In this
regime, the maximum basin density is obtained if mixing
is fast enough to make f constant over the whole phase
space. In that case, f¯ = fsat is constant, with solution
fsat '
∫
d3R′ Q˜
√|Φ|∫
d3R′ Q˜
√|Φ| (em/T − 1) . (21)
Figure 2 shows this fsat as a function of dark photon
mass. For masses which match the Solar plasma fre-
quency at some radius not too close to the surface, the
thermal occupation number at the resonant temperature
is a very good approximation. At lower masses, fsat is
somewhat higher than a naive extrapolation of this value,
since the higher-temperature interior parts of the Sun
contribute significantly to the volume integrals.
The thick red line in Fig. 3 shows the maximum bound
state density from Eq. 18, using the fsat value from Eq. 21
and Fig. 2. This can be compared to the thin red line,
which shows the “conservative” saturated basin density
from Eq. 17, corresponding to particles remaining on
their initial orbits.
In Ref. [9], the decay of Solar basin axions within the
Solar corona was proposed as a potential explanation for
the corona’s high temperature, which is currently some-
what mysterious [22]. For the dark photon case, the re-
absorption rate scales with the plasma density (or with
the density squared, for bremsstrahlung). The very low
density of the Solar corona means that heating from re-
absorption there is completely negligible, for all of the
parameter space that we will consider.
Orbital perturbations
In the previous subsection, we noted that gravitational
perturbations from Solar system bodies other than the
Sun can alter the orbits of the emitted dark photons.
One crucial question is how perturbations change E˜, and
in particular, on what timescale orbits become unbound,
i.e. E˜ > 0.
To construct a simplistic model of this process, we can
assume that particles remain on their initial orbits, until
they are suddenly ejected after some time teject, which is
exponentially distributed, with mean lifetime τeject. As-
suming that the dark photon production rate has been
constant throughout the lifetime of the Sun, the present-
day basin density at Earth is given by
ρb = max
{
ρsatb , ρ˙bτ
}
, (22)
where we defined an effective basin time:
τ ≡ χτeject
[
1− exp
(
− τSS
τeject
)]
, (23)
with τSS ≈ 4.6× 109 y the age of the Solar System. The
parameter χ is a fudge factor, accounting for all of the
effects that we have neglected. These include perturba-
tions that can the phase space distribution of the orbits,
deviations from the sudden ejection approximation, and
variation of the Sun’s properties over its lifetime.
Over the Sun’s past evolution along the Main Se-
quence, it has fused hydrogen into helium in its core.
To maintain equilibrium, its central density and tem-
perature have increased [23]. The resulting luminosity
increase means that the Sun is now about 30% more lu-
minous than it was shortly after its formation. A care-
ful treatment of dark photon emission and absorption
6would take these changes in Solar structure into account.
However, since their effects would most likely be at the
O(10%) level, we ignore them here.
A conservative scenario, leading to the lowest bound
density at Earth, is that planetary perturbations can sud-
denly increase E˜ to ≥ 0, and that this happens within a
short timescale, τ ' τeject ∼ 107 y [12]. We can obtain a
conservative value for the saturation density by assuming
that, apart from ejections, gravitational perturbations do
not significantly change the initial particle orbits, so the
saturation density is approximately given by Eq. 17.
An optimistic scenario is that gravitational ejection is
so inefficient that τeject & τSS, but mixing from gravita-
tional perturbations is efficient enough to give the satura-
tion density from Eq. 18. Correspondingly, we take our
most optimistic benchmark for the effective basin time
to be τ = τSS ' 4.6 × 109 y. These “conservative” and
“optimistic” benchmark timescales are the same as those
taken in Ref. [12].
If perturbations can increase E˜, but do so gradually
rather than suddenly, then the bound state density at
Earth may be higher. This is because dark photons emit-
ted from the Sun at lower E˜ can become Earth-crossing,
increasing the phase space for emission that contributes
to ρb(R). In effect, this could lead to χ > 1 in Eq. 23.
On the other hand, an effect that slightly lowers χ is
the departure from purely radial orbits (with eccentric-
ity e ' 1) due to gravitational perturbations from the
planets. This “mixing” of eccentricities is likely signif-
icantly faster than gravitational ejection. The result of
deforming all orbits to a fixed eccentricity e is to effec-
tively lower the RHS of Eq. 11 by a factor of (2 + e2)/3.
A “fully mixed” eccentricity distribution f(e) = 2e (be-
tween 0 ≤ e ≤ 1), corresponding to uniform phase space
density, would lead to an average reduction factor of 5/6
for the basin density.
The gravitational ejection time of particles without
non-gravitational interactions has recently been studied
in Ref. [24], which implemented the phase-space diffusion
dynamics of Ref. [25] in the context of a primordial DM
abundance bound to the proto-Solar molecular cloud. It
was found that 31% of Earth-crossing density (exclud-
ing Jupiter-crossing orbits with a > aJ/2, which were
assumed to be quickly ejected) survived the age of the
Solar System, implying a gravitational ejection time of
τeject ≈ 4.0 × 109 y with their initial conditions. The
phase space into which basin dark photons are emitted
is likely slightly longer lived, due to the steeper distribu-
tion of semi-major axes. The injected fraction of Earth-
crossing basin energy density that can also cross Jupiter’s
orbit is only ' (16/15pi)(AU/aJ)5/2; since aJ ≈ 5.2 AU,
this is a sub-1% correction, which we ignore here. Taking
χ = 5/6 to account for eccentricity redistribution, we ar-
rive at a fiducial estimate of τ ≈ 2.3×109 y based on the
results of Ref. [24]. We refrain from using this estimate
to place lower limits on ρb until a full orbital dynam-
ics simulation (along the lines of e.g. Ref. [26, 27]) is
performed that includes all the planetary orbits without
resorting to time-averaging, and that uses our peculiar
radial-orbit initial conditions.
The appropriate saturation density could also be ob-
tained from such simulations. It is clear that, strictly
speaking, particles do not remain on their initial orbits.
Even ignoring planetary perturbations, the gravitational
potential deviates from Φ ∝ −1/R within the Solar ra-
dius, so orbits with perihelion inside the Sun will pre-
cess. However, since emission from the Sun is isotropic,
different orientations are populated equally, so this pre-
cession does not change the phase space distribution. We
are interested in processes which can change the action
variables for the orbit [28], rather than just the angle
variables.
The strongest perturbing effects are often those of
Jupiter. If a particle’s orbit is Jupiter-crossing, gravi-
tational interactions will eject the particle from the Solar
System on timescales much shorter than τSS [25]. For
non-Sun-crossing particles with lower energies, Jupiter’s
perturbations cause orbits to undergo “Kozai cycles”,
which approximately conserve the semi-major axis a and
angular momentum component Lz perpendicular to the
ecliptic plane, but change the orbit’s eccentricity [29].
This opens up more phase space volume than the initial
V˜i (with e ' 1 orbits), though since eccentricity and or-
bital inclination are related by the conservation of Lz,
it does not explore the full phase space. An important
question is whether other effects, such as the eccentric-
ity of Jupiter’s orbit [30], or perturbations from other
planets [25, 26], allow particles to explore the full phase
space, and on what timescale.
An additional difficulty, for particles emitted deep in-
side the Sun, is escape to non-Sun-crossing orbits. Due to
the rapid perihelion precession noted above, the perturb-
ing torques from Jupiter (and other planets) average out
as the orbit precesses around [31]. In Ref. [26], it was es-
timated that close encounters with Earth and Venus are
the main effect raising the perihelion of these orbits, and
can raise them out of the Sun over a timescale of order
108 y. A more detailed analysis of this process would be
valuable.
In summary, particles emitted from inside the Sun will
eventually populate the entire velocity phase space, but
detailed simulations of the dynamics of this phase space
migration are needed. For our fiducial case, we take the
simple, optimistic assumption that O(1) of the full phase
space (for fixed a) is explored. This gives the saturation
density from Eq. 18. A more conservative assumption
would be that only a subspace with conserved Lz is ex-
plored, as is the case for Kozai cycles. This would give
ρsat,Kb ' m4fsat
1
4pi2
R′
R
√
2|Φ(R′)|vesc(R)2 (24)
in the notation of Eq. 17, which is a factor 32
R′
R
√
2|Φ(R′)|
vesc(R)
7smaller than the full saturation density from Eq. 18.
Throughout most of the Sun, this ratio is O(10). This
gives a rough estimate of how much smaller the satura-
tion density might be, though we emphasize once again
that a simulation-based analysis would be required to de-
termine these quantities with confidence.
Bound state density
Putting all of these pieces together, Fig. 3 illustrates
the bound state densities for the aforementioned scenar-
ios. The blue curves show the basin densities that would
arise from a fixed, small value of , as a function of dark
photon mass. Even for the most conservative gravita-
tional ejection time τ = 107 y, there is a wide mass
range in which the bound density dominates the den-
sity due to the unbound flux. For the optimistic scenario
of τ = 4.6 × 109 y, the basin energy density exceeds the
unbound energy density all the way down to m ∼ 3 eV.
The green curves show the bound densities that can
be attained at the largest possible , consistent with pre-
vious constraints (shown as the gray region in Fig. 4).
For m . 15 eV, these may reach the saturation densities
discussed above. At masses of order a few hundred elec-
tronvolt, densities close to the Galactic DM density of
ρDM ' 0.4 GeV cm−3 can be obtained.
Dark photons can also be produced in other hot, dense
Solar System environments. The Earth’s core and man-
tle are of particular interest, since particles sourced there
can accumulate in Earth’s gravity well. However, the rel-
atively low temperatures inside the Earth (T . 0.5 eV),
and the high plasma frequency in its iron core, mean that
the emission rate will not be very large (though a pre-
cise calculation is not trivial). Furthermore, the small
escape velocity at the Earth’s surface, v⊕esc ' 11 km s−1,
means that the saturation density is fairly small. Since
the maximum temperature anywhere inside the Earth is
Tmax ∼ 6000 K [32], the saturation phase space density
for bound orbits is fsat ≤ fmax = (em/Tmax − 1)−1. Con-
sequently, the saturation density at the Earth’s surface
is bounded from above by
ρsatb,⊕ ≤ m4fmax(m)
(v⊕esc)
3
6pi2
(25)
This bound is plotted in Fig. 3, which shows that it is al-
ways significantly smaller than the Solar basin saturation
density at Earth. In addition, it is also smaller than the
conservative basin density sourced by the Sun, at kinetic
mixings that will be relevant for experiments (discussed
in the next section). We conclude that the Solar basin
densities will be dominant for all practical purposes.
DIRECT DETECTION
A Solar basin of dark photons can be directly detected
in the laboratory by the same experiments that look for
dark-matter dark photons. Both populations have very
small velocity dispersions and mean velocities in Earth’s
reference frame—v ∼ 10−3 for DM and v ∼ 10−4 for
the Solar basin. All existing experiments [13, 14, 33–39]
and practically feasible proposals are based on absorption
of the dark photon’s rest-mass energy, where the detec-
tor’s capabilities are usually not sufficient to resolve the
spread in kinetic energy or to provide directional infor-
mation. (Exceptions include Ref. [40], a proposal to use
narrow absorption lines of molecules in the gas phase for
dark photons with m . 20 eV, and coherent absorption
proposals such as those in [40, 41], where the angular
spread of the absorbed photons corresponds to the dark
photon velocity distribution.)
In this limit of negligible velocities, the absorption rate
of a nonrelativistic dark photon of mass m is solely de-
termined by the coupling  and the ambient density ρ
(be that of DM or the Solar basin), in the combination
2ρ. For the Solar basin, the ambient density ρb is pro-
portional to another factor 2, unless  is large enough to
achieve the saturation level ρb ' ρsat (e.g. Eq. 18, for the
case of a fully mixed phase space). As in Ref. [12], we can
thus recast any DM limit on (or prospective sensitivity
to) the kinetic mixing DM into the equivalent quantity
basin for dark photons in the Solar basin, via the map:
basin = max
√DM
[
ρDM
ρ˙b
∣∣
=1
τ
]1/4
, DM
√
ρDM
ρsatb,
 , (26)
with ρ˙b
∣∣
=1
the basin energy density injection rate at
 = 1. For the conservative limit with τ = 107 y, we take
in Eq. 26 the saturation density to be the lower ρsat,ib,
of Eq. 17 instead of ρsatb, of Eq. 18. The basin limit or
discovery reach will generally be weaker than DM, in
view of the lower basin density ρb < ρDM in most of
parameter space (cf. Fig. 3). However, the basin bound
on the kinetic mixing does not require the assumption
that dark photons constitute all or even part of the dark
matter energy density, and is thus more general (like the
stellar cooling constraints on ).
In Fig. 4, we recast upper limits DM from dark-photon
dark matter searches by DAMIC [42], XENON10 [43, 44],
and XENON1T [13, 14], shown as thick brown curves in
the bottom panel, into a Solar dark photon basin limit
basin (shaded blue region in top panel, darkest shade
of blue in bottom panel) using the conservative gravi-
tational ejection time of τ = 107 y. The true value for
τ is likely significantly higher, as argued above and in
Ref. [12], with the fiducial value τ = 2.3× 109 y disfavor-
ing the parameter space above the thick blue line in the
top panel of Fig. 4. This is close to the ‘optimistic’ esti-
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FIG. 3. Energy density ρ of dark photons with mass m at Earth’s location (R = 1 AU) in the Solar System. Blue curves
assume a fixed kinetic mixing parameter  = 10−16; they represent the Solar dark photon basin energy density ρb for three
values of gravitational ejection times (τ = 107 y, thin; τ = 2.3× 109 y, thick; τ = 4.6× 109 y, dashed), as well as the unbound,
relativistic emission ρ∞ (thin dotted). The bound dark photons dominate the unbound relativistic flux in terms of energy
density (ρb > ρ∞) for m & 0.3 keV, and possibly as low as m & 2.5 eV for the optimistic τ = 4.6×109 y. Green curves represent
equivalent quantities for  at the current limit, i.e. the lower boundary of the gray shaded region in Fig. 4. At low masses
m . 15 eV, the Solar basin may achieve detailed balance with the Sun, and approach the initial Solar-basin saturation density
ρsat,ib, (thin red) of Eq. 17 with the conservative value of τ , or the full saturation density ρ
sat
b, of Eq. 18 (thick red) with fiducial
and optimistic values of τ . The saturation density ρsatb,⊕ of Earth’s basin is below the thin dot-dashed red curve. At higher
masses, the Solar basin can be an appreciable fraction of the average dark matter energy density ρDM (gray); the area where
ρb & ρDM is now excluded (cfr. Fig. 4).
mate of τ = τSS ' 4.6 × 109 y, indicated by the dashed
blue curve of Fig. 4’s top panel (and by the intermedi-
ate shade of blue in the bottom panel). The tentative
excess in the recent XENON1T analysis [14] could be in-
terpreted in terms of a DM dark photon (pink 1- and
2-sigma error ellipses in Fig. 4) [48], but could also be
due to a Solar-basin dark photon (orange error ellipses,
assuming the fiducial value τ = 2.3× 109 y).
Future DM experimental proposals for low-mass dark
photons are shown as thin dashed brown curves in the
bottom panel. We pick three representative sensitiv-
ity projections covering a broad range of dark photon
masses; polar crystals in which DM can convert to op-
tical phonons [45, 46], dielectric haloscopes constructed
from layered stacks of refractive materials [41] (we take
the experimental parameters from [50]), and semicon-
ductor targets, represented by projections for Super-
CDMS [44, 47]. We show that these proposals are also
sensitive to Solar basin dark photons, potentially probing
new parameter space down to m ∼ 0.1 eV, as indicated
by the thin dashed blue curves in the top panel (lightest
blue shaded region in the bottom panel), assuming the
optimistic value τ = 4.6× 109 y.
The unbound Solar flux of dark photons peaks at en-
ergies ∼ 10 eV (for m . 10 eV) [3], so experiments with
sensitivity at these energies, such as SuperCDMS, may
also improve the constraints from (or detect) unbound
emission. However, as indicated in Figure 3, the bound
density can exceed the unbound density for m & 3 eV,
and it can have a higher number density at even lower
masses. Moreover, the bound population results in an
almost-monoenergetic absorption signal, while the un-
bound flux is over an O(1) spread in energies, so the
former may be easier to distinguish from backgrounds.
The combined constraints from the unbound dark pho-
ton emission are shown collectively as the gray region;
from left to right, a relativistic Solar dark photon search
in XENON1T [48], the parameter space in which the So-
lar luminosity would be changed by 10% or more [2, 3],
and horizontal-branch [51] and red-giant [4] stellar cool-
ing constraints taken from Ref. [2].
In summary, our Solar basin re-interpretation of the
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dark matter limit of Ref. [13] robustly excludes new pa-
rameter space for dark photon masses 0.27 keV . m .
0.83 keV, improving by up to an order of magnitude over
the previously most stringent DM-independent bounds
from Solar and HB-star cooling. With larger values of
the gravitational ejection timescale, a large region of pa-
rameter space between 12 eV and 5.4 keV is already be-
ing probed by current liquid-xenon experiments, again
independent of assumptions about DM. Next-generation
versions [52–54] are set to provide another near-future
leap in sensitivity. At the low-mass end, innovative low-
threshold experimental proposals may extend the poten-
tial discovery reach to dark photon masses as low as
m ∼ 0.1 eV.
The Solar-basin versus dark-matter interpretations of
any putative positive signal can be disentangled (with
sufficient statistics) by their differences in annual mod-
ulation. With a 1/R4 scaling of the basin energy den-
sity, Earth’s eccentric orbit would lead to a fractional
annual modulation amplitude of 6.7% of the density, with
the peak signal reached at perihelion R = 0.9833 AU
on January 3, and significantly lower signal at aphelion
R = 1.0167 AU six months later. (For a fully mixed satu-
rated basin, the density scales like 1/R3/2, giving a 2.5%
modulation amplitude.) The basin energy density may
also be temporally intermittent due to the chaotic nature
of the orbits in the presence of planetary perturbations,
which should be a topic of future study. In contrast, the
DM energy density would exhibit much weaker annual
modulation with fractional amplitude of about 1.5% due
to gravitational focusing [55], with peak signal achieved
around March 1, when Earth is “downwind” from the
Sun in the DM halo (in the laboratory frame).
DISCUSSION
In this work, we have shown that the Solar dark pho-
ton basin—the nonrelativistic dark photons emitted by
the Sun into bound orbits—lends itself to direct detec-
tion in the laboratory over a large range of masses, from
0.1 eV to 104 eV. The importance of collective effects in
dark photon emission, leading to resonant emission and
low-mass decoupling, are responsible for the larger ob-
servable parameter space (not already excluded by stel-
lar constraints) compared to the case of axions coupled
to electrons studied in Ref. [12], which first studied the
absorption of Solar basin particles in dark matter detec-
tion experiments. We showed that the Solar basin may
even reach detailed balance with the Solar emission vol-
ume at low dark photon masses and near the current
kinetic-mixing limit.
Without the assumption that dark photons make up
all (or any fraction of) the DM energy density, existing
searches (Ref. [13] in particular) for nonrelativistic dark
photon absorption have already (but unknowingly) set
world-leading DM-independent constraints on the kinetic
mixing parameter aroundm ∼ 0.5 keV. It is possible that
the excess reported by Ref. [14] is caused by absorption
of m ≈ 2.8 keV dark photons in the Solar basin. Future
experiments will drastically extend the discovery reach,
in terms of kinetic mixing and especially towards lower
dark photon masses.
As noted already in Ref. [12], it is imperative that sim-
ulations of orbital dynamics be carried out to determine
the lifetime, evolution, and statistical behavior of the So-
lar basin of any weakly coupled particle. Such studies
would drastically sharpen our predictions, and provide
critical input to data analyses of direct detection experi-
ments. Finally, we note that the mechanism described in
this work would also be operative in other astrophysical
contexts. Around more extreme stars or compact rem-
nants, the large “dark electromagnetic field strengths”
may give rise to interesting signatures in more compli-
cated models that include a dark photon.
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